Abstract Blood oxygenation level-dependent (BOLD) and cerebral blood flow (CBF)-based functional magnetic resonance imaging (fMRI) were used to measure primary visual cortex responses to photic stimulation in 23 children (12.4±0.7 years old) with sickle cell anemia (SCA) and 21 clinical controls (11±1.0 years old). The objectives were to investigate the effect of SCA on detection of brain activation with fMRI and to explore the relationship between fMRI responses and global cognitive function. The BOLD responses were diminished in children with SCA. Clinical indicators of disease severity were greatest in patients without detectable visual cortex activation, but blood hemoglobin concentration and resting CBF were not predictive of BOLD signal amplitude in the SCA patients. Unexpectedly, the BOLD signal amplitude was positively associated (r s ≥0.8, p≤0.05) with Wechsler Abbreviated Scale of Intelligence scores, suggesting that fMRI may help clarify medical, hemodynamic, and neural factors that mediate adverse effects of SCA on neurocognitive function.
Introduction
Sickle cell anemia (SCA) is a genetic blood disorder that affects the hemoglobin within the red blood cells. The disease affects millions of people around the world and is most prevalent in those with ancestors from sub-Saharan Africa, India, Saudi Arabia, and Mediterranean countries. As many as 1 in 375 African-Americans is born with sickle cell anemia each year in the United States. The sickle cell hemoglobinopathy is caused by a single nucleotide mutation in the gene coding a major subunit of the hemoglobin molecule. The hemoglobin mutation causes complex molecular and cellular changes, including hemoglobin polymerization that leads to the sickle shape of the red blood cells for which the disease is named. Clinical complications of SCA affect all organs, and are frequently associated with vaso-occlusive and hemolytic manifesta-tions of the disease. With contemporary medical care, which may include chronic red blood cell transfusions or hydroxyurea medication, life expectancy is more than 50 years for patients with SCA and there is keen interest in factors that undermine the quality of life for survivors, including neurocognitive dysfunction.
Children with sickle cell anemia (SCA) suffer cognitive deficits (Bernaudin et al. 2000) that are associated with disease pathophysiology, including elevated cerebral blood volume (CBV) (Steen et al. 1998a ) and flow (CBF) (Strouse et al. 2006) . The estimated prevalence of vasculopathy (predominantly vessel tortuosity) by magnetic resonance angiography (MRA) is 64% in untreated patients with SCA (Steen et al. 2003) . Vessel stenosis and occlusion also develop in some patients. Resting cerebral artery blood velocity and parenchymal CBF may be elevated by 100% in patients with SCA (Oguz et al. 2003; Strouse et al. 2006) . Deficits are worse in children with history of cerebrovascular accident or silent infarction by brain MRI, but patients with normal diagnostic MRI can still be impaired and the deficits appear to worsen with age (Wang et al. 2001) . Cognitive deficits are also present in otherwise healthy adult patients with SCA (Vichinsky et al. 2010) . The fundamental causes of cognitive deficits in SCA without visible evidence of brain injury are unknown.
Functional MRI (fMRI) may be useful to investigate the neural basis of abnormal brain function in SCA patients. Patterns of brain activation are detected with fMRI via hemodynamic changes in the cortex while a subject is receiving sensory stimuli or performing motor or cognitive tasks. In the healthy brain, blood volume and blood flow increase locally in activated cortex (Chen and Ogawa 1999; Detre and Alsop 1999) . The blood flow increase is of sufficient magnitude (50 to 80%) that the oxygen extraction fraction decreases and the blood oxygenation increases with activation. Brain activation can be detected with fMRI methods that measure the CBF changes (Detre and Alsop 1999) or with methods that measure blood oxygenation level dependent (BOLD) signal changes (Ogawa et al. 1990 ). The BOLD method, which is based on the effect of oxygenation on the magnetic properties of blood hemoglobin (Pauling and Coryell 1936) , is the most widely used because it is the more sensitive method to detect brain activation. With either approach, the detection of activation with fMRI in SCA patients may be compromised by anemia and abnormal cerebral hemodynamics (D'Esposito et al. 2003; Prohovnik et al. 2009; Reiter et al. 2002) , even if the neural activity itself was unaffected by disease.
We recently reported resting CBF measurements in a prospectively enrolled cohort of SCA patients, most of whom were receiving hydroxyurea therapy (Helton et al. 2009 ). The resting CBF, measured by arterial spin labeling (Luh et al. 1999 ) of these patients was within the upper end of the range of values reported for healthy children. This finding is in contrast to reports of substantially elevated resting CBF in untreated patients with SCA (Oguz et al. 2003; Steen et al. 1998b; Strouse et al. 2006) . Here, we report a cross-sectional pilot fMRI study in the same SCA cohort to investigate the effect of SCA on detection of brain activation with fMRI and to explore the relationship between fMRI responses and global cognitive function. We measured the BOLD response (Zou et al. 2005) and CBF response (Detre and Alsop 1999) in primary visual cortex to simple visual stimulation, and analyzed the fMRI responses in relation to hematologic, rheologic and psychometric variables.
Methods

Subjects
The study was approved by St. Jude Children's Research Hospital Institutional Review Board, and parental consent and patient assent were obtained for all participants. Patients were enrolled prospectively when presenting with various clinical indications, including baseline or serial evaluation on hydroxyurea therapy, deterioration of school performance, or severe headaches. Twenty three pediatric patients with SCA (12.4±0.7 years old, 15 males and 8 females) were enrolled for the fMRI study. Twenty-one of them were on hydroxyurea treatment at the time of fMRI. The enrolled patients had no history of overt stroke and no transfusion within the previous 3 months. None of the SCA patients had additional conditions, such as epilepsy or traumatic brain injury that would be expected to affect cerebral hemodynamics or brain function.
The original pilot study design did not include a control group. After enrollment and imaging of the SCA cohort was complete, we identified twenty-one age-matched patients (12.3±0.7 years old, 14 males and 7 females) treated at our institution for posterior fossa brain tumor (medulloblastoma) to constitute a comparison group for the BOLD fMRI results. The medulloblastoma patients had participated in another fMRI study using the same visual stimulation paradigm and BOLD fMRI pulse sequence, and they were imaged on the same scanner during approximately the same time period as the SCA group. This cohort had been imaged after successful resection of their tumors (median 19 days, range 3 to 41 days) and prior to radiation therapy (median 3 days, range 0 to 12 days) or chemotherapy (Gajjar et al. 2006) .
Clinical laboratory and neuropsychological testing
Imaging data from children with SCA were analyzed in relation to standard laboratory parameters, including hemo-globin concentration ([Hb] ), percent fetal hemoglobin (HbF), absolute reticulocyte count, and incidence of acute chest syndrome events. Testing also included transcranial Doppler ultrasound (TCD) evaluation of blood flow velocity in the middle cerebral artery. Global cognitive function was assessed in 13 children of the SCA group with the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler 1999) . Hemoglobin concentration data were also analyzed for the control patients.
MRI
MRI data were acquired with a 1.5T Siemens Symphony scanner. Two functional data sets were acquired during visual stimulation with the following two MRI pulse sequences. 1) Standard BOLD measurement: a T2*-weighted echo planer imaging (EPI) sequence with TR=2,060 ms, TE=50 ms, bandwidth=1,954 Hz/Pixel, matrix=64×64, FoV=192 mm, slice thickness=5 mm, and flip angle=90°was used. Twenty-three slices with full brain coverage and 135 image (voxel size 3×3×5 mm) volumes were acquired. 2) arterial spin labeling (ASL) CBF measurement: a pulsed ASL Q2TIPS sequence (Luh et al. 1999 ) with TR=2,200 ms, TE=26 ms, TI1=700 ms, TI1s=1,200 ms, TI2=1,400 ms, bandwidth=2,170 Hz/Pixel, matrix=64×64, FoV=192 mm, slice thickness=7.5 mm, and flip angle=90°was used. Four slices covering the occipital lobe and 174 image (voxel size 3×3×7.5 mm) volumes were acquired. The BOLD response was also estimated from the ASL data, but the ASL-based measurement is less sensitive than the standard method. In addition to the functional images, standard fluid-attenuated inversion recovery (FLAIR), T1, T2, and proton density images were acquired for conventional MRI evaluation, segmentation, and co-registration with functional images.
As an index of cerebral blood volume (Steen et al. 1998a, b) , the apparent diameter of the basilar artery was measured at the level of the mid-pons on FLAIR images. The parameters of the FLAIR pulse sequence were TR=9,140 ms, TE= 112 ms, TI=2,400 ms, matrix=192×256, FoV=157.5× 210 mm 2 , slice thickness=5 mm, and acquisitions=2. The diameter was measured with standard tools on the institutional picture archiving and communication system (Siemens Syngo). Images were zoomed by a factor of 3, the display intensity center value was 500 and the display intensity window was 1,000. Images showing the basilar artery diameter measurement for the participants with the median value for each group are shown in the supplemental information (Supplemental Fig. 1 ).
Visual stimulation for fMRI
The visual stimulus was a black and white checkerboard with color reversal at 8 Hz. One stimulation paradigm included visual stimuli of brief and long duration, and was presented to both the SCA and tumor control cohorts during the standard measurement of BOLD responses. The stimulation paradigm had four 30 s blocks in which stimulus was on for 2 s (BOLD_2s) and three 40 s blocks in which the stimulus was on for 16 s (BOLD_16s). This paradigm was 4 min long. A similar stimulation paradigm with eight 40 s blocks, each with stimulus on for 20 s, was used in the SCA cohort during the simultaneous measurement of CBF and BOLD changes with the pulsed ASL technique. The ASL fMRI paradigm was 5 min 20 s long. These kinds of visual stimulation paradigms are known to elicit strong brain activation in primary visual cortex (Deyoe et al. 1994; Zou et al. 2005) . The brain tumor control group was drawn from another study protocol that did not include ASL fMRI.
Analysis of functional images SPM2 (http://www.fil.ion.ucl.ac.uk/spm/) was used in image preprocessing and statistical analysis of the functional images and MarsBar toolbox for SPM was used in retrieving time-course of raw data from regions of interest (ROI). The thresholds for estimating activation volume and retrieving time-course data were p=0.001 (uncorrected) for SPM voxel height and k=5 voxels (p<0.01 uncorrected) for spatial extent, unless otherwise noted.
Standard BOLD fMRI Functional images for each subject were first visually inspected to exclude those with unacceptable quality, such as susceptibility distortion caused by brain shunt. Then images were realigned to correct head motion. Preprocessed images were analyzed using a general linear model (GLM) with a covariate of interest modeling the BOLD response signal as the convolution of the timecourse of the stimulation paradigm and the canonical HRF (Friston et al. 1998) . Statistical contrasts were evaluated to detect greater activity during stimulation than during fixation (brain activation to visual stimuli) and greater activity during fixation than during stimulation (brain activation during rest -default mode network). Brain activation volume for the SCA group was obtained and compared to the volume for brain tumor control group using the Wilcoxon-Mann-Whitney (W-M-W) Test. The spatial location of activation was determined by visual comparison to the Talairach Atlas for each subject. The time-course of the peak activation region in the primary visual cortex (V1) was retrieved and adjusted to percentage BOLD signal change over the blocks for each subject. The final BOLD signal for the brief stimulus or the long stimulus for each subject was a block-wise average over the corresponding blocks. Repeated measures ANOVA (Mixed procedure in SAS software, V9, SAS Institute Inc., Cary, NC, USA) was used to test for difference between the SCA and brain tumor groups in the BOLD signal amplitude over time.
ASL images To maximize the efficiency and power of the functional analysis of the ASL time-series data, a GLM modeling the full data set was used (Mumford et al. 2006 ). The GLM included three covariates of interests. The first covariate modeled the baseline variation of image intensity due to the alternation of control and tag states when no stimulation is presented. It consisted of a vector with values of 0.5 and −0.5 corresponding to control and tag conditions. The second covariate modeled the BOLD signal component and was set up as the convolution of stimulation paradigm and the canonical HRF. The third covariate modeled the activation component of the control-tag difference signal (CBF activation) during the visual stimulation and was formed by modulating the BOLD response with the controltag condition. Brain activation volume for BOLD and CBF were obtained at various thresholds. The activation pattern of BOLD and CBF were visually compared. Raw ASL time-courses from the overlapping region of CBF and BOLD activation were retrieved. A tag signal was calculated from the ASL raw time-course as the average of the previous and the next time-points of each control time-point so that it was insensitive to linear trends in the data (Wong et al. 1997 ). The BOLD signal was obtained as the average of the control and the tag signals at each time point. A differential time-course, representing the CBF signal, was calculated by subtracting the tag signal from the control signal at each time point. The BOLD signal was adjusted to percentage change and used to calculate the group average of BOLD responses. The differential signal was used to quantify absolute CBF values.
Quantification of CBF
For each subject, CBF was quantified from the differential signal or images (ΔS) as described by Luh (Luh et al. 1999) :
where the values used are: L=90 mL/100 g, A=0.95, and T1 blood =1.2 s. To estimate the fully relaxed magnetization M 0blood of arterial blood, ASL images acquired with another Q2TIPS sequence with the same parameters except shorter TE (TE=13 ms) was included to estimate T2* of blood using equation:
where S b1 or S b2 was the corresponding raw EPI intensity at the given TE. Then M0 blood was estimated as raw EPI intensity scaled to TE=0 and TR=infinite according to:
where the flip angle θ=90°.
Gray and white matter CBF values for the whole brain and occipital lobe A perfusion weighted image (PWI) was produced that was the average of the tag-control (Wong et al. 1997) differential images from the ASL series for each subject. The T2-weighted anatomical image was segmented with SPM2. Gray and white matter masks were generated from the corresponding segmentation probability images with a 0.75 probability threshold. The ASL and T2-image were co-registered with SPM2 so that the gray or white matter masks could be applied to the PWI image to create a segmented PWI image (gray matter PWI image or white matter PWI image). Finally, the segmented PWI image was used in the CBF quantization to produce a gray or white matter CBF image. The mean gray and white matter CBF values for the whole brain were obtained from these CBF images. Region-of-interest (ROI) of the occipital lobes was drawn, and the gray and white matter CBF values for the occipital lobes were calculated for each SCA patient.
Statistical analysis
For the SCA cohort, statistical analysis was performed to evaluate relationships among the imaging results, clinical data, and cognitive testing data. Since many of the variables were not normally distributed (Shapiro-Wilk test), the nonparametric Spearman's Rank Order Correlation Coefficient (r s ) was used to investigate the association between pairs of these variables. All analyses were conducted in an exploratory manner. The Holm's procedure, a sequentially rejective procedure that will maintain an experiment-wise error rate of 0.05, was used to calculate p-values adjusted for multiple comparisons. Finally, the SCA cohort was categorized in 2 ways: 1) with or without visual cortex activation detectable by standard BOLD measurement, 2) normal (≤170 cm/s) or conditionally high (171 to 199 cm/s) TCD blood velocity (Bulas 2005 where f(t) is the CBF normalized to baseline, E(t) is oxygen extraction fraction, E 0 is the baseline oxygen extraction fraction, α the exponent of the steady state flow-volume relationship (v=f α ), τ is the transit time through the vascular balloon, and τ v (t) is the viscoelastic time constant of the vascular balloon. The viscoelastic time constant is modeled with one value for inflation (τ + ) and another value for deflation (τ − ). The BOLD signal is calculated from q(t) and v(t):
where BOLD(t) is the BOLD signal normalized to baseline, V 0 is the resting venous blood volume, [Hb] is the relative hemoglobin concentration, and k1 and k2 are constants that depend on experimental and physiological parameters. We modeled the group average time courses for both brief and long stimulus conditions and the individual participant time courses for the long stimulus condition. The Balloon Model is over-parameterized, so we used measured values when available (e.g., hemoglobin concentration, CBF response in the SCA group) and relevant values from the literature when appropriate (e.g., blood volume in SCA group relative to the control group). A fixed functional form of the CBF time course was used for modeling, and was based on the mean measured response from the SCA patients for the long stimulus. A simple ramp function was used for the brief stimulus. The amplitude of the CBF change during activation was the measured value for the SCA group and was varied to achieve a good model fit for the control group. During fitting, the changes in CBF and oxygen extraction were constrained to correspond to a 20% change in oxygen metabolism. We modeled the group average responses first, and then used the model parameters for the group as starting values for fitting the individual responses. Additional details of the BOLD signal modeling are provided in the supplementary online material (See Supplementary online material).
Results
The clinical laboratory, imaging, and psychometric parameters for the participants are summarized in Table 1 . All the data were reported in median (min, max) format. None of the SCA patients had visible stenosis by MRA. Conventional MRI findings were non-significant for all the SCA patients except three with minor abnormality (two leukoencephalopathy and one punctate hemosiderin) and none of these abnormalities involved the occipital lobes.
Brain activation detected with standard BOLD fMRI
The fraction of patients with detectable primary visual cortex activation at the given thresholds, the magnitude of BOLD signal changes, and the volume of activated brain detected with standard BOLD fMRI were lower in patients with SCA than in the medulloblastoma controls ( Figs. 1 and 2 ). BOLD activation in the primary visual cortex was detected in 17 (74%) of the 23 SCA patients and in all of the 21 control patients. No activation was detected in the two SCA patients who were not on hydroxyurea therapy. The volume of visual cortex activation was significantly lower (p=0.0005) in SCA patients ). In addition, 5 (24%) brain tumor controls, but none of the SCA patients, had detectable activation of the default mode network during the resting periods of the stimulation paradigm that included the posterior cingulate and lateral parietal cortex (Binder et al. 1999) . The brain activation volumes for the 3 patients with abnormality on MRI were 5.58, 1.8, and 0.23 cm 3 . The amplitude of the BOLD signal detected during visual stimulation was significantly lower (p=0.006 for the brief 2-s and p=0.025 for the long 16-s) in SCA patients than in medulloblastoma controls. The group average BOLD signal for both groups to the brief 2-s or the long 16-s stimulation had typical BOLD signal characteristics (Fig. 2) . However, the temporal dynamics of the BOLD response to activation were different in SCA patients than in controls. Repeated measures ANOVA revealed significant group by time interaction effects for BOLD signals for both the brief and long stimulation. For the brief stimulus, the differences were significant at the peak of BOLD signal change from 6 to 8 s after stimulus onset (p=0.006). For the long stimulus, the differences were significant at the peak starting at 6 s and continuing until 18 s after stimulus onset (p<.03).
ASL fMRI in SCA patients
We were able to acquire ASL data in 22 of the 23 SCA patients. With statistical threshold p = 0.05 and k = 5, activation was detected in 19 SCA patients by both BOLD and CBF changes (Fig. 3) . The time-course of BOLD and CBF changes from overlapped clusters of activation in visual cortex are also shown in Fig. 3 . During stimulation, the average BOLD signal amplitude increased 2.9% while CBF increased 62% (from 73.8 (16.6, 132 .1) to 119.5 (22.3, Fig. 1 Representative map of brain activation during the visual stimulation paradigm (the standard BOLD measurement) for the SCA (upper row) and brain tumor control (lower row) patients, who had the median activation volume in the corresponding group. The activation volume was significantly smaller in the SCA patient than the control patient (activation thresholds: p=0.001 and k=5) 213) ml/min/100 g). Table 1 shows the baseline CBF estimated from the ASL data for the whole brain and for the occipital lobe. The CBF values of gray matter and white matter were significantly correlated (r s =0.73, p<0.0001), but not correlated with baseline CBF in the activated clusters, the BOLD signal amplitude, percentage CBF change during activation, or the volume activated. The overall occipital lobe CBF was higher than in other brain regions; but the baseline CBF in the activated cortex (73.8 (16.6, 132.1) ml/min/100 g) was lower than the overall occipital gray matter average (92.3 (26.6, 150.8) ml/min/ 100 g). The CBF change during activation detected with ASL was associated (p=0.048) with the BOLD signal change during the long stimulus measured with the standard BOLD fMRI.
BOLD signal model
The Balloon Model (Buxton et al. 2004 ) yielded a good fit to the BOLD responses for the 2-s and 16-s stimuli for both groups (Figures 2 and 3, See Supplementary online  material) . The model results demonstrated that the altered BOLD response in SCA patients can be accounted for by changes in physiological parameters that are consistent with known pathology for this disease ( Table 2 ). The [Hb] in this hydroxyurea-treated SCA group was 34% lower then the control group, with the control group in the normal range. The modeled change in flow was 17% lower and the change in oxygen extraction was 28% lower in the SCA group. The flow-volume parameter, α, was elevated 20% and transit time was elevated 50% in SCA patients. The viscoelastic time constants were lower in the SCA patients. The model was able to accommodate the range of BOLD responses observed in both groups with fidelity to the major features of the responses (Supplemental Fig. 2 ). The parameters varied over a narrow range around the group median to achieve reasonable fits to individual BOLD time courses (Table 2 ). The maximum BOLD signal change was driven primarily by the changes in flow and oxygen extraction, which were, in turn, associated with hemoglobin and blood volumes variation across subjects (Supplemental Fig. 2) . The minimum BOLD signal during the poststimulus undershoot was not clearly associated with the Correlations among fMRI, clinical, and cognitive testing results in the SCA patients Overall, the BOLD signal amplitude was significantly associated both the Hb (r s =0.71, p<0.00001) and basilar artery diameter (r s =−0.44, p=0.004) (Fig. 4) . The Hb and HbF levels were significantly higher (p=0.01 and 0.03, respectively) and the absolute reticulocyte count significantly lower (p=0.01) in the SCA patients with detectable activation than in those SCA patients without detectable activation (Table 3) . In SCA patients with detectable visual activation, the volume activated was inversely correlated with absolute reticulocyte count (r s =−0.73, p=0.01). For the standard BOLD measurement, the BOLD signal amplitude was not strongly associated with hematologic and hemodynamic variables, Hb, HbF, CBF, or Basilar Diameter for SCA patients. Remarkably, there was significant correlation between the BOLD_2s signal amplitude and the WASI Verbal score (r s =0.85, p=0.04) and between the BOLD_16s signal amplitude and the WASI Performance score (r s =0.82, p=0.05). Before adjustment for multiple comparisons, the BOLD_16s was also marginally associated with the WASI Verbal score (p=0.07) and the BOLD signal amplitude measured with the ASL sequence was marginally associated with the WASI Performance score (p=0.066). The WASI scores were low for the SCA patients without detectable activation. Figure 5 shows the strong association between WASI Full-Scale and the BOLD response to visual stimulation in the patients with SCA, by black circles and control patients are indicated by white circles. The SCA patients without detectable activation are shown with gray circles, and×indicates the two patients who were not on hydroxyurea therapy. Graphs show the responses for the 2 s stimulus. Responses for the 16 s stimulus (not shown) were essentially the same as those shown for the 2 s stimulus with the BOLD amplitudes for patients without detectable activation set to zero (gray symbols) because their activation was not statistically different from zero. The WASI Verbal score was associated with HbF (r s =0.76, p= 0.02). There was no significant association between WASI scores and CBF or the other clinical variables evaluated.
Discussion
The BOLD signal in the brain reflects metabolic and hemodynamic responses to changes in neural activity. In activated cortex, increased cerebral metabolic rate of oxygen and glucose is sustained by increased CBF and CBV (Buxton et al. 1998; Mandeville et al. 1998 ). In the healthy brain, the oxygen extraction fraction decreases with increased CBF, and therefore blood oxygen saturation increases and deoxyhemoglobin concentration decreases. The fundamental mechanisms that mediate the neuralhemodynamic coupling in the brain are not well understood, but it has been proposed that increased blood oxygen concentration is needed in the activated cortex to increase the diffusive flux of oxygen from the capillaries to the mitochondria . The MRI signal is sensitive to blood oxygenation changes because the magnetic properties of hemoglobin change with oxygenation (Pauling and Coryell 1936) such that oxyhemoglobin is essentially nonmagnetic and deoxyhemoglobin is paramagnetic. Decreased deoxyhemoglobin in the activated cortex causes an increase in the BOLD MRI signal (Chen and Ogawa 1999) . Several pathophysiological features of SCA can affect the BOLD response to neural activation, including anemia, elevated resting CBV and CBF, and decreased vessel elasticity. This study was motivated by the idea that altered resting CBF and CBV in SCA patients may diminish the BOLD response because of limited capacity to increase CBF in response to increased neural activity. In the healthy adult, the BOLD response is reduced (about 20%) with the global increase of baseline CBF (about 50%) induced by breath holding, breathing CO 2 , or injection of acetazolamide, while the CBF change with task activation remains about the same despite elevation of the baseline (Brown et al. 2003; Davis et al. 1998; Kastrup et al. 1999 ). Baseline CBF is often much higher than normal in patients with SCA (Oguz et al. 2003; Steen et al. 1998b; Strouse et al. 2006) to maintain oxygen delivery to the brain.
In our SCA cohort, the middle cerebral artery blood velocity (TCD) and occipital GM perfusion were at the upper end of the normal range (Helton et al. 2009 ), but the resting CBF in the activated cortex was lower than the overall occipital lobe average resting CBF. The CBF increase with activation was 62% in our SCA patients (Fig. 3) , which is lower than the 70 to 90% changes that have been reported for comparable visual stimulation experiments in healthy adults (Leontiev and Buxton 2007) . However, the BOLD signal amplitude was not strongly associated with the resting CBF. The lack of association of BOLD signal with resting CBF may reflect important physiological effects of SCA on the BOLD signal mechanism, but these findings must be interpreted cau- tiously because of the limitations of the accuracy and sensitivity of multislice pulsed-ASL method for CBF quantification. Further studies will be needed to clarify the relationship between BOLD response and resting CBF in SCA patients, including untreated SCA cohorts that will likely have much higher resting CBF (Oguz et al. 2003; Steen et al. 1998b; Strouse et al. 2006) . Abnormal blood hemoglobin concentration and CBV can affect the BOLD response in SCA patients because the BOLD signal depends on the total amount of deoxyhemoglobin in the volume of tissue represented by the image volume element (voxel). Other factors being equal, anemia would reduce the BOLD signal from activated cortex because the amount of hemoglobin in the blood is less than normal. The percentage change in the BOLD signal is correlated with baseline hematocrit in healthy subjects, but the activation volume is not (Gustard et al. 2003; Levin et al. 2001) . Over all participants in our study, BOLD signal amplitude was associated with blood hemoglobin concentration. The SCA patients with detectable V1 activation had significantly higher hemoglobin and fetal hemoglobin levels and significantly lower absolute reticulocyte count than those without detectable V1 activation. Therefore, the low blood hemoglobin level in our SCA cohort at least partially accounts for the low BOLD signal in these patients. However, the BOLD signal was not correlated with hemoglobin concentration within the SCA group. This observation may be accounted for in part by the elevated CBV in the SCA group, such that total hemoglobin in a voxel was not as low as hemoglobin concentration would suggest, and flow and volume interact to determine the BOLD signal during activation. In addition, the differences of temporal dynamics of the BOLD response in the SCA patients (Fig. 2) could be related to changes in the elastic (Manci et al. 1996) or vasomotor (French et al. 1997) properties of the cerebral vasculature that affect both the steady-state and the dynamic relationship between flow and volume (Buxton et al. 1998) . Our modeling of the data supported that differences in the BOLD response temporal pattern between SCA and control patients could be accounted for by differences in blood hemoglobin concentration, CBF responses, and changes in oxygen extraction fraction during stimulation, CBV, and mechanical characteristics of the cerebral vasculature. Therefore, the BOLD response in an individual patient may be modulated by different adaptive vascular responses to anemia.
The BOLD responses we report were affected by hydroxyurea therapy in most patients in the SCA cohort. Hydroxyurea therapy is an alternative to blood transfusion in patients at risk for stroke, which reduces resting CBF and increases fetal hemoglobin (Heeney and Ware 2008; Ware et al. 1999 ). In our SCA cohort, the resting CBF was not elevated as reported in other patients with SCA (Oguz et al. 2003; Strouse et al. 2006) , likely because of hydroxyurea therapy (Ware et al. 1995) . The effect of resting CBF was discussed above, and we know of no studies that have characterized the effect of elevated fetal hemoglobin on the BOLD signal. Fetal hemoglobin has higher oxygen affinity than adult hemoglobin, which could affect the change in oxygen extraction fraction during activation that is a key factor in the BOLD signal. Indeed, in our balloon model the change in oxygen extraction fraction during visual stimulation was lower in the patients with SCA than in the controls. On the other hand, fetal hemoglobin was much lower in the SCA patients without detectable BOLD signal and the WASI Verbal score was positively associated with HbF. Prospective longitudinal neuroimaging studies with evaluations prior to hydroxyurea treatment are needed to clarify the effects of this important therapy on cerebral hemodynamics and brain function in patients with SCA.
Cognitive deficits in SCA patients are well documented (Berkelhammer et al. 2007; Schatz et al. 2002) , but the cause of the deficits is unknown, especially in children with no imaging evidence of cerebrovascular events (stroke, silent infarct). Decline in IQ has been associated with hematologic abnormalities, including anemia, elevated CBV, and elevated CBF (Bernaudin et al. 2000; Hogan et al. 2006; Steen et al. 2003; Strouse et al. 2006 ). These hematologic abnormalities were observed in our SCA patients, but were not individually correlated with psychometric measures of global cognitive function. The strong association that we observed between the BOLD response to simple visual stimulation and WASI scores suggests that the adverse effect of SCA on brain function is mediated by the inability to mount an appropriate hemodynamic response to support increased neural activity (Moore and Cao 2008) . The fact that global intelligence scores were related to the BOLD response to simple sensory stimulation suggests that visual cortical response is an indicator of a globally affected response in the SCA patients.
Our comparison of the BOLD response in the SCA patients to a cohort of patients being treated for medulloblastoma, rather than to typically developing children, had both disadvantages and advantages for this study. The brain tumor patients were studied after tumor resection, but before any radiation therapy or chemotherapy. It is likely that brain homeostasis and function were adversely affected by presurgical tumor development and growth (Gibson et al. 2010; Ohm and Carbone 2002; Salsman et al. 2011 ) and post-surgical edema, tissue compression, apoptosis, or white matter alteration (Morris et al. 2009 ). The facts that the medulloblastoma patients had blood hemoglobin concentration in the normal range, and their BOLD response to the brief visual stimulus was essentially the same as the response that we reported previously for an age similar cohort (12.1±0.9 years, range 8 to 16) of healthy children (Zou et al. 2005) suggest that the data from brain tumor patients are useful to calibrate our measurements in the SCA patients. Furthermore, comparison with medulloblastoma patients helps to control for potential effects of frequent hospitalizations, immune dysfunction, family stress, and other illness-related factors. Finally, our findings demonstrate an important neurobiological deficit in SCA patients relative to another abnormal population that suffers long-term cognitive disability (Mulhern et al. 2004) , which strengthens the results of this study.
The findings in this study must be interpreted with consideration of two important limitations. First, the small sample size and large number of variables under consideration limited our power to detect small effects. This problem was most severe for the group of SCA patients without detectable visual cortex activation (n=5). Second, the SCA group included three patients with evidence of brain injury on conventional imaging. The abnormalities were classified as minor by our neuroradiologist (KJH) and none directly affected the occipital lobes.
Despite these limitations and whatever the exact cause of the abnormal BOLD responses in patient with SCA, our finding demonstrates that it is functionally significant. An interesting hypothesis to test in the future is that some cerebral adaptive responses to chronic anemia (e.g., changes in CBF, CBV) are better than others to preserve cognitive function of the brain. Further characterization of the relationship between hemodynamic and neural responses in SCA may provide important new insights into the causes of cognitive deficits associated with this disease and help to clarify the critical role that cerebral hemodynamics play in information processing in the human brain (Moore and Cao 2008) .
